NKx homeodomain proteins are members of a growing family of vertebrate transcription factors with strong homology to the NK genes in Drosophila. Here, we describe the cloning of cNKx-2.3 and cNKx-2.5 cDNAs and their expression during chick development. Both genes are expressed in the developing heart with distinct but overlapping spatio-temporal patterns. While cNKx-2.5 is activated in early precardiac mesoderm and continues to be uniformly expressed throughout the mature heart, expression of NKx-2.3 starts later in differentiated myocardial cells with regional differences compared to NKx-2.5. Additionally, both genes are expressed in adjacent domains of the developing mid-and hindgut mesoderm as well as in branchial arches. The highly conserved structure of cNKx-2.5 and its similar expression to mouse and Xenopus NKx-2.5 genes and to the Drosophila gene tinman ague that it constitutes the chick homologue of these genes. Different temporal and spatial activity of cNKx-2.3 in heart and gut as well as in a regionally restricted expression domain in the neural tube suggest that cNKx-2.3 is a member of the NK-2 gene family which may be involved in specifying mesodermally and ectodermally derived cell types in the embryo.
Introduction
Homeobox genes encode a superfamily of transcription factors involved in developmental decisions establishing positional and cellular identity (McGinnis and Krumlauf, 1992) . Common to all members of this family of proteins is the homeodomain, a structurally conserved motif which mediates sequence-specific DNA-binding (Hayashi and Scott, 1990) . The best characterized homeobox genes are the HOM-C complex in Drosophila and the Hox clusters in mammals which have been maintained during evolution in gene structure, gene order, and their relative time and space of embryonic expression (McGinnis and Krumlauf, 1992) . Interspecies gene transfer experiments suggest that HOM-C and Hox genes are functionally equivalent (Malicki et aI., 1990 (Malicki et aI., , 1992 McGinnis et aI., 1990; Awgulewitsch and Jacobs, 1992) Inactivation and ectopic expression of HOM-C and Hox * Corresponding author. Tel.: +49 531 3915735; fax: +49 531 3918178.
genes in flies and mice, respectively, result in homeotic mutations within metameric structures (Kessel et aI., 1990; Jegalian and DeRobertis, 1992; Le Mouellic et aI., 1992; McGinnis and Krumlauf, 1992; Pollock et aI., 1992) .
More recently, evidence accumulated that numerous homeobox genes which are not part of the HOM-C or Hox clusters may also be conserved in structure from Drosophila to man and serve similar functions. These homeobox genes are usually dispersed throughout the genome and some appear to be involved in the specification of positional information (Ruiz i Altaba and Melton, 1990) as well as in cell type specification and morphogenesis (Ingraham et aI., 1988; Bodmer et aI., 1990; Guazzi et aI., 1990; Dressler and Douglass, 1992; Tronche and Yaniv, 1992) . The NK homeodomain genes originally identified in Drosophila (Kim and Nirenberg, 1989) belong to this latter class of homeobox genes.
The Drosophila gene tinman, also referred to as NK4 or msh-2, may be considered as one example. This gene is initially expressed in primitive mesoderm and later be-comes restricted to cardiac and visceral mesoderm (Bodmer et aI., 1990) . It is required for the specification of heart and gut muscle cells, as embryos lacking tinman function fail to develop heart and gut muscle progenitor cells, and some of the body wall muscles (Azpiazu and Frasch, 1993; Bodmer, 1993) . Tinman has also shown to regulate the related NK-homeodomain gene bagpipeINK3 which is important for the development of visceral mesoderm (Azpiazu and Frasch, 1993) . In Caenorhabditis elegans, CEH-22, another invertebrate NK-type homeobox gene, has been identified which may be involved in muscle formation of the pharynx (Okkema and Fire, 1994) .
Homology screenings with Drosophila tinman probes have identified several NK homeobox genes in vertebrates. In the mouse, NKx-2.1, originally designated thyroid transcription factor I, is expressed in the thyroid gland where it regulates expression of thyroglobulin and thyroid peroxidase (Guazzi et aI., 1990; Mizuno et aI., 1991) . NKx-2.1 is also expressed in forebrain together with NKx-2.2 and both genes may have a role in specifying neuronal structures. The existence of two additional mouse genes, NKx-2.3 and Nkx-2.4 has been shown by partial genomic sequences but expression patterns have not been determined (Price et aI., 1992) .
Vertebrate homologues to the Drosophila gene tinman have been cloned from mouse and Xenopus. Both mouse CsxlmNKx-2.S (Komuro and Izumo, 1993; Lints et aI., 1993) and Xenopus XNKx-2.S (Tonissen et aI., 1994) exhibit similar embryonic expression patterns which are consistent with a role in the determination of cardiac mesoderm. Mouse NKx-2.S transcripts are first detected by in situ hybridization during early headfold stage in cells of the extreme anterior crescent of the embryo. These cells are thought to give rise to the precardiac mesoderm (DeHaan, 1965; Viragh and Challice. 1977; Kaufmann and Navaratnam, 1981; DeRuiter et aI., 1992) NKx-2.S is also expressed in pharyngeal endoderm, thyroid gland, tongue muscle, spleen, and stomach during embryogenesis and continues to be present in the adult heart, spleen and tongue (Lints et aI., 1993) . The Xenopus homologue is also transcribed in heart primordia and later in the developing gut and the pharyngeal region (Tonissen et aI., 1994) . The structural conservation between NKx-2.S genes from mouse and Xenopus, and the Drosophila tinman gene as well as their similar expression patterns suggested conserved functions in early heart muscle development (Lints et aI., 1993; Bodmer, 1995) . However, null mutations for tinman in Drosophila and NKx-2.5 in the mouse display different phenotypes. While tinman mutants in flies completely lack the dorsal vessel, considered to be the analogous structure of the vertebrate heart, Nkx-2.5 knockout mice develop a beating linear heart which appears to be defective in the looping process that is a critical determinant of heart morphogenesis (Lyons et aI., 1995) . Thus, if NKx-2.S indeed represents the tinman homologue in mice, there may be overlapping gene functions in vertebrates which allow heart formation in the absence of NKx-2.S but not subsequent steps of tubular heart development.
For this reason, we searched for potential NKx-2.5-related transcripts in the heart tube of E3 and ES chicken embryos. Here, we describe the cloning of the chicken homologue to mouse NKx-2.S and of a novel NK-related chicken gene, cNKx-2.3 that is also expressed in heart and gut Their spatio-temporal expression patterns during embryogenesis are distinct but overlapping, suggesting that they belong to a group of NK genes which collectively may play a similar role in vertebrates as the single gene tinman in Drosophila.
Results

Isolation ofNKx-2-related cDNAsfrom embryonic chicken hearts
An NK-2 hybridization probe was generated by RT-PCR using mRNA from ES embryonic chicken hearts and degenerate primers deduced from the conserved NK-2 homeobox sequence. The PCR product were cloned and sequenced. A 180 bp fragment with 96% identity to the NKx-2.3 homeobox sequence of a previously published partial genomic mouse clone (Price et aI., 1992 ) was used to screen a cDNA library prepared from ES chicken hearts. Among the clones we found a partial cDNA representing the chicken homologue to mouse NKx-2.S based on its sequence conservation (data not shown). cNKx-2.5 has been isolated independently and was reported during preparation of this manuscript (Schultheiss et aI., 1995) . Another cDNA of IS18 nucleotides with an open reading frame for 323 amino acids was clearly distinct from NKx-2.5 and highly homologous to the published mouse NKx-2.3 homeobox sequence (Price et aI., 1992) . This cDNA contains 168 nucleotides of 5' untranslated region with one out-of-frame start codon that is shortly followed by a stop codon. The 3' non-coding sequence contains the appropriate polyadenylation signal, suggesting that we have isolated the full length chicken NKx-2.3 cDNA (Fig. lB) . Comparison of the derived amino acid sequence with NK-2 sequences of other species shows the typical homeobox most similar to mouse NKx-2.3 and two additional conserved motifs (Fig. 2) . Ten amino acids within the Nterminal region resemble a consensus domain present in other NK2-related genes. A second conserved region, referred to as NK2-specific domain, is found downstream of the homeobox in a position equivalent to the same motif in mouse NKx-2.S. Outside of these regions chicken NKx-2.3 is quite diverse from other NK gene o including the recently published Xenopus NKx-2.3 homologue (Evans et aI., 1995) . From these results we conclude that the cNKx-2.3 cDNA isolated here represents a novel member of the vertebrate NKx-2 gene family. 
NKx-2.3 and Nkx-2.5 genes are expressed in embryonic and adult heart and gut
In order to investigate the expression of the chicken NKx-2.3 and NKx-2.5 genes Northern blot analysis was performed with total RNA samples isolated from various organs of embryonic, fetal, and adult animals. In E6 embryos cNKx-2.3 transcripts were readily detectable in heart and the digestive tact (Fig. 3A) . A very low level of NKx-2.3 mRNA was inconsistently seen in liver which may be due to contamination by some adherent gut tissue. No transcripts were observed in the head, limbs, and trunk. The organs expressing cNKx-2.3 also contained cNKx-2.5 mRNA at this developmental stage. Interestingly, both probes detected two mRNAs of different size which suggests the potential for alternative splicing. During fetal development cNKx-2.3 and cNKx-2.5 transcripts continued to be prominently expressed in heart (Fig. 3B) . In contrast to cNKx-2.5, which was not detected in any other organ than heart, NKx-2.3 mRNA was also highly expressed in gut at E15-E20. This high level of NKx-2.3 expression persisted into the postnatal period in all parts of the mid and hindgut but not in stomach (Fig. 3C ). Similar to NKx-2.5 we also found continued expression of NKx-2.3 in the adult heart in both atrium and ventricle. Taken together, these data indicate that the cNKx-2.3 gene is preferentially active in heart and gut during fetal to adult chicken development. During early 
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d bop: Identical amino acids are symbolized by dashes. The published mNKx-2.4 homeodomain is incomplete at the amino-terminus (Price et al., 1992) . Sequence homology to cNKx-2.3 is expressed as percentage of identical amino acids. (8) The NK2-specific homology domain of cNKx-2.3 is compared to analogous motifs in other NK2 genes. The distance of the 17 amino acid domain from the C-terminus of the homeobox is variable among the shown genes. (C) Sequence homology of the conserved decapeptide in the amino-terminal region of cNKx-2.3, cNKx-2.5, NKx-2.1 and dmsh-2. No other sequences were available for comparison.
developmental stages expression of cNKx-2.3 overlaps with that of cNKx-2.5 in both the heart and intestinum, while later cNKx-2.5 transcripts disappear in the gut.
cNKx-2.3 and cNKx-2.5 genes exhibit distinct but overlapping spatio-temporal expression patterns during early chick development
The detailed spatio-temporal expression pattern of cNKx-2.3 was determined in chicken embryos between stage 7 (El) and stage 27 (E5) by in situ hybridization and compared to that of cNKx-2.5. Both probes were used on adjacent sections of the same embryo. As shown in Fig. 4 , cNKx-2.5 transcripts were readily detectable on transverse sections of a stage 7+ (two somites) embryo in the bilateral heart primordia ( Fig. 4B ) and continued to be expressed in the tubular heart of a stage 12 (18 somites) embryo (Fig. 4E ) and in the myocardium at E5 (Fig. 4G) In contrast, NKx-1-2,3 transcripts were absent at the early developmental stages (Fig. 4C,F) but accumulated in the heart of an E5 embryo (Fig. 4H ) which has formed the chambers and shows trabeculation. While cNKx-2.5 is highly expressed in all parts of the myocardium but not in the endocardial and epicardial layers, myocardial cNKx-2.3 expression in atrium and ventricle appears more regionally restricted and generally lower than NKx-2.5. Particularly, the apex of the heart seemed devoid of cNKx-2.3 mRNA as shown by whole mount in situ hybridization of isolated hearts from E6 embryos (Fig. 8) These observations are consistent with the early appearance of NKx-2.5 in mouse embryos (Lints et aI., 1993) and indicate that cNKx-2.3 expression in chicken does not overlap with cNKx-2.5 during early heart morphogenesis.
Transverse sections through the cranial region of a stage 16 embryo revealed that cNKx-2.3 mRNA first accumulates in the dorso-lateral aspects of the neural tube (Fig. 5) . The expression appeared to be restricted to a segment of the antero-posterior axis at the heart and foregut level, as more rostral and caudal sections were ...
Nkx-2.3
Nkx-2.S GAPDH Fig. 3 . Northern blot analysis of NKx-2.3 and NKx-2.5 expression in embryonic, fetal, and adult chicken tissues. Probes are indicated and described under Section 4. RNA (20 ~g) was isolated from several tissues at the indicated developmental stage and loaded on the gels. The blots were hybridized successively with the various probes after stripping the filters. GAPDH probe served as RNA loading control. (A) In E6 embryos NKx-2.3 and NKx-2.5 transcripts are found in heart and visceral tissues. Note that two messages of approximately 1.8 and 2.1 kb are present for both NKx-2.3 and NKx-2.5. The weak signal in liver RNA was not consistently found and may be due to contaroination with intestinal tissue. (B) Chicken fetuses at E15 and E20 express NKx-2.3 mRNA (1.8 kb) in heart and gut but not in stomach. NKx-2.5 mRNA was found exclusively in heart at this stage. (C) Expression of NKx-2.3 and NKx-2.5 in adult chicken tissues. While both genes are expressed in atrium and ventricle of the adult heart, NKx-2.3 is also expressed in all parts of mid-and hindgut. A very weak signal of NKx-2.5 RNA was also seen in the tongue.
negative for cNKx-2.3 (data not shown). We also failed to detect cNKx-2.3 in the neural tube of E3 and older embryos, suggesting that its neural expression may be limited to a narrow time window. Based on their location within the neural tube, cells expressing cNKx-2.3 appeared to have initiated differentiation and presumably constitute interneurons. The proliferating zone, the ventral half and probably also the roof plate were devoid of cNKx-2.3 transcripts. cNKx-2.5 analyzed on parallel sections was not expressed in the neural tube (Fig. S) .
We next analyzed cNKx-2.3 and cNKx-2.S expression on sections of a stage 18 chicken embryo. Transcripts of both genes were now seen in peripheral regions of the branchial arches (Fig. 6 ). At this developmental stage cNKx-2.3 began to be expressed in the heart (Fig. 6D ). In addition, both genes were also active in overlapping regions of the developing gut (Fig. 6E,J) . At stage 27 (ES) overlapping expression domains of cNKx-2.5 and cNKx-2.3 in the gut became more distinct (Fig. 7) . While cNKx-2.S activity extended more rostrally towards the stomach, Fig. 4 . In situ hybridization analysis of NKx-2.5 and NKx-2.3 expression on transverse sections of chicken embryos at HH stage 7 (B,C), stage 12 (E,F) and stage 27 (G,H). Phase contrast photomicrographs are shown in (A,D) to illustrate tissue morphology. NKx-2.5 is expressed in the promyocardium (B) and tubular heart (E), while NKx-2.3 is not expressed on adjacent sections of these early stage embryos (C,F). At stage 27, transcripts for both cNKx-2.3 (H) and cNKx-2.5 (G) are found in atrium and ventricle. nt, neural tube; e, surface ectoderm; lpm, lateral plate mesoderm; rh, rhombencephalon; dm, dorsal mesocardium; h, heart NKx-2.3 expression appeared highest in sections abutting the cNKx-2.5 domain posteriorly. Both genes were active in the visceral mesodermal layer but not in the gut epithelium (Fig. 7) .
In situ hybridization of a whole mounted stage 18 chick embryo summarizes the three major expression domains of cNKx-2.3 in branchial arches, heart, and gut (Fig. 8A) . Vibratome sections more closely reveal cNKx-2.3 transcripts in myocardial cells of the ventricle (Fig.  8F) , in epithelial cells of the branchial clefts rather than in branchial arch mesoderm (Fig. 8E) , and throughout the mesoderm of mid-and hindgut (Fig. 8G,H) . The regionally distinct expression domains of cNKx-2.3 and cNKx-2.5 are demonstrated on whole mount hybridizations of isolated heart, and stomach and gut preparations from an E6 embryo. Fig. 8B shows the restricted distribution of NKx-2.3 transcripts in the heart midsection sparing the apex and the outflow, whereas NKx-2.5 appears to be expressed more evenly throughout the heart. The sharp limitation of cNKx-2.5 expression to the pyloric sphincter region and the posteriorly adjacent extended intestinal expression domain of cNKx-2.3 are presented in Fig. 8e,D.
Discussion
In this paper, we report the isolation and detailed expression of two chicken NK homeobox cDNAs which constitute members of a family of vertebrate homologues to the Drosophila gene tinman. This classification is based on sequence homology within the NK-type homeodomain and two additional conserved motifs, as well as on similar expression patterns during pre-and postnatal chicken development We have sequenced two distinct cDNA clones, one of which contains most of the coding sequence that is highly identical to mouse NKx-2.5. This clone is therefore referred to as cNKx-2.5. The other cDNA encodes a protein containing a homeobox that is Fig. 5 . In situ hybridization analysis of NKx-2.3 expression of a stage 16 chick embryo. Planes of transverse sections are shown (H). NKx-2.3 is expressed in the dorso-lateral half of the neural tube at cranial levels (arrow in (B,G). Higher power magnifications show that NKx-2.3 transcripts accumulate predominantly in the lateral aspects of the neural tube, presumably in postmitotic interneurons (E,J). Note that the ventral half of the neural tube including the floor plate is free of NKx-2.3 signals. Comparison of NKx-2.3 (B) and NKx-2.5 (C) expression reveals that NKx-2.5 is not expressed in the neural tube but is highly active in heart, whereas NKx-2.3 is not expressed in the heart at this stage. nt, neural tube; st, stomach; da, descending aorta; v, ventricle; f, foregut.
Nkx 2.3
Nkx 2.5 Fig. 6 . Comparison of cNKx-2.3 and cNKx-2.5 expression in heart, gut and branchial arches of a stage 18 chick embryo. In situ hybridization with both probes was performed on parallel sections (A,F). Both genes are expressed in branchial arches and heart. (B,C) and (O,H) are higher power magnifications of dark-and light-field images shown in (A) and (F), respectively. Beginning expression of cNKx-2.3 in the heart and the anterior intestinum is also shown in (D,E). NKx-2.5 is highly expressed in the heart and the anterior intestinal portal (I,J). ba, branchial arches; v, ventricle; a, atrium; aip, anterior intestinal portal.
most closely related to the homeodomain sequence of mouse and Xenopus NKx-2.5 (Price et aI., 1992; Evans et al., 1995) . We therefore designated it as cNKx-2.3. Significantly, however, there is considerable sequence diversity outside the homeobox between the chicken and the three reported Xenopus NKx-2.3 alleles. (Evans et aI., 1995) . No mouse Nkx-2.3 sequence apart from the homeobox was available for comparison. It is also noteworthy that the expression pattern of cNKx-2.3 and the Xenopus NKx-2.3 alleles are not identical, as will be discussed below. It therefore seems likely that the cNKx-2.3 reported here is not the analogous gene to the reported Xenopus alleles, and additional NKx-2.3 relatives may exist.
The potential roles of cNKx-2.5 and cNKx-2.3 in heart development
The early onset of cNKx-2.5 expression in precardiac mesoderm and its continued expression during subsequent heart development are consistent with similar, if not identical expression patterns described for NKx-2.5 in mouse and Xenopus (Lints et aI., 1993; Tonissen et aI., 1994) . This remarkable coincidence together with the highly conserved sequences strongly argue for homologous functions of the NKx-2.5 gene in all three species. Moreover, the expression of the Drosophila homologue tinman in cardiogenic mesoderm also resembles the activity of the vertebrate NKx-2.5 genes in promyocardial cells (Bodmer, 1995) . As tinman mutants completely lack the formation of the dorsal vessel, it has been concluded that tinman is involved in determination and specification of cardiac mesoderm (Bodmer, 1993) . Targeted inactivation of NKx-2.5 in mice, however, results in a phenotype that is not compatible with NKx-2.5 being solely responsible for establishing cardiogenic mesoderm (Lyons et aI., 1995) . In mice carrying a NKx-2.5 null mutation the linear heart tube forms normally looping mor- Fig. 7 . In situ hybridization analysis of cNKx-2.3 and cNKx-2.5 expression in the gut of E5 chick embryo. Planes of transverse sections are indicated. NKx-2.5 is expressed in the small intestinum immediately caudal to the stomach (A-C). Expression of NKx-2.3 overlaps in this region with NKx-2.5 (D-F) but extends further caudal throughout the entire length of the gut (G-K). NKx-2.3 transcripts are found in the mesenchymal layer of the gut but not in the epithelium. nt, neural tube; st, stomach; si, small intestine; c, colon; m, mesonephros; hi, hind limb. , and stomach and gut preparations (C,D) of E6 embryos with cNKx-2.3 and cNKx-2.5 probes. cNKx-2.3 expression is indicated by arrows in branchial arches, in mid-and hindgut, and in the heart (A). Vibratome sections of similarly hybridized embryos as shown in (A) demonstrate cNKx-2.3 transcripts in branchial arch epithelium (E), in ventricular myocardium (F), and in hindgut mesoderm (G,H). Strong cNKx-2.5 expression in all parts of the heart contrasts to restricted CNKx-2.3 expression which appears spatially limited to the heart mid-section with no expression in the apical region (B). cNKx-2.3 is strongly expressed in the muscle layer of the gut but not in stomach (D,H). The intestinal expression domain of cNKx-2.5 appears strictly delimited to the pylorus anteriorly adjacent to the cNKx-2.3 domain (C).
phogenesis and subsequent morphogenetic processes, such as septation and trabeculation, are impaired. As a result of this developmental heart defect these mice die at mid-gestation owing to hemodynamic insufficiency. While these results clearly show that NKx-2.5 is essential for normal heart morphogenesis, they do not support the idea that NKx-2.5 is required for the determination of precardiac mesoderm. This obvious discrepancy between tinman mutants in Drosophila and Nkx-2.5 knock-out mice may be explained by the existence of additional NKx-2 genes in vertebrates with at least partially overlapping functions. Our search for additional NKx-related genes which are expressed in embryonic chicken hearts resulted in the identification of cNKx-2.3. While this gene is expressed in the definitive heart, it is not activated in cardiogenic mesoderm and follows the activation of cNKx-2.5 with a delay of more than 2 days during chicken heart development. The late onset of cNKx-2.3 expression precludes it as a candidate gene for early functional overlap with cNKx-2.5 in promyocardium determination. Based on its temporal expression pattern, we rather suggest that cNKx-2.3 may play a role in later steps of cardiocyte differentiation or in the maintenance of differentiated myocardial cells. It is also interesting to note that there are regional differences between the expression of cNKx-2.3 and cNKx-2.5 within the heart. Clearly, the apical region of the ventricles as well as the mesenchymal vessel wall of the future aorta and pulmonary bunk express comparatively little, if any cNKx-2.3. Although we have no information on regional myocardial markers except for atrium and ventricle, the observed spatial distribution of cNKx-2.5 and cNKx-2.3 suggests that regionalization even with the ventricular myocardium may occur and involve both NKx genes. That NKx genes can have a role in activating cardiac-specific genes has been shown for mNKx-2.5 which is required for the expression of myosin light chain 2 (MLC2) (Lyons et aI., 1995) . Our preliminary results indicate that cNKx-2.5 also activates MLC2, while cNKx-2.3 fails to do so (unpublished observations). A consensus DNA-binding site has recently been determined for mNKx-2.5 (Chen and Schwartz, 1995) . It will be important to investigate whether cNKx-2.3 exhibits another binding preference or whether other mechanisms may be involved to select for different target gene activation. Interestingly, possible interaction of NKx-2.5 with transcription factors containing the MADS domain has been proposed (Scott, 1994) in analogy to the demonstrated association of the yeast homeodomain protein MATa.2 and the MADS-box protein MCM1 (Johnson, 1992) . As several members of the MEF2 family of MADS-box proteins are expressed in early heart, different heterodimers between MEF2 and NKx transcription factors form and could explain distinct specificities (Martin et al., 1993; McDermott et aI., 1993) . That cardiogenic determination and differentiation is not solely specified by NKx transcription factors but may also involve MEF2 and GAT A proteins has been suggested by the early and sustained expression of these transcriptional regulators in precardiac mesoderm and mature heart muscle (Arceci et aI., 1993; Kelly et aI., 1993; Chambers et aI., 1994; Edmondson et aI., 1994; Heikinheimo et aI., 1994) . MEF2 null mutants in Drosophila not only lack somatic muscle but also exhibit differentiation defects in cardiac and visceral muscle, suggesting that MEF2 critically contributes to the process of heart muscle differentiation (Bour et aI., 1995; Lilly et aI., 1995) . The epistatic relationship of these various genes in vertebrates has not been determined in detail and should yield insights into their relative contribution to heart development.
Although we and others have identified a NKx-2.3 homologue in mouse, no evidence so far exists that it is also expressed in the developing mouse heart. Interestingly, three recently described NKx-2.3 alleles from Xenopus exhibit a clearly different expression pattern from the chicken gene described here. These Xenopus genes parallel the early expression of XNKx-2.5 and therefore may be functionally redundant during early cardiogenic development (Evans et aI., 1995) . Based on their different expression and major sequence variations outside the homeobox and the two other conserved motifs, we believe that the cNKx-2.3 described here and the XNKx-2.3 alleles are not analogous genes. In fact, preliminary PCR data suggest that additional NKx-related genes are expressed in chicken, mouse and Xenopus hearts (Evans et aI., 1995; our unpublished observations) . Alternatively, there may be species-specific differences, which we consider a less likely possibility given the high degree of sequence conservation and the conserved developmental expression patterns of the already identified NKx-2 genes.
Expression of cNKx-2.3 and cNKx-2.5 at embryonic sites other than heart
Unlike mNKx-2.5, which has been shown to be expressed in 8 days p.c. mouse embryos in the pharyngeal endoderm, thyroid, and myoblasts of the tongue (Lints et aI., 1993) we found no evidence for cNKx-2.5 expression in these regions at comparable stages of chicken embryogenesis. Transcripts of cNKx-2.5 and cNKx-2.3 were first detected in mesenchyme of the hyoid and pharyngeal arches of stage 18 embryos. No transcripts were seen in the first arch. At this time of development both genes are also expressed in visceral mesenchyme posterior to the fore-to midgut junction with cNKx-2.3 expression extending more caudal than cNKx-2.5. Later, the cNKx-2.5 domain becomes sharply delimited to the pyloric sphincter region which may suggest that it is involved in specifying this structure. In contrast, cNKx-2.3 shows a complementary expression pattern with regard to mid-and hindgut, as it is expressed posteriorly throughout the gut mesoderm without obeying anatomic boundaries which reflect physiologically distinct gut regions. Thus, cNKx-2.3 may be part of a general differentiation program common to visceral mesoderm of mid-and hindgut. It has been reported recently that sonic hedgehog is expressed in the definitive endoderm and serves as a critical signal in epithelial-mesenchymal interactions required for chick hindgut formation (Roberts et al., 1995) . Upon ectopic expression sonic hedgehog is sufficient to induce Bmp-4 and specific Hoxd genes within the subjacent mesoderm. It is tempting to speculate that cNKx-2.3 may also be activated by sonic hedgehog and/or BMP-4 and may be involved in executing cellular programs induced by these signals. Clearly, this hypothesis can be tested. Another interesting correlation of cNKx-2.3 expression and some of the same signalling molecules comes from a recent investigation of sonic hedgehog, BMP-4, BMP-7, and FGF-8 expression during branchial arch development in chick (Wall and Hogan, 1995) . Although we have not yet determined the precise spatial and temporal expression of cNKx-2.3 and these signalling molecules in branchial arches, Nkx-2.3 is a candidate gene to take part in the downstream developmental program. A detailed comparison of the spatiotemporal patterns and misexpression of these signals may yield some insights into the possible relationship among these genes.
Experimental procedures
Construction of cDNA library and isolation of cNKx-2.3 and cNKx-2.5 cDNAs
Poly N RNA from E5 embryonic chick hearts was isolated by the guanidinium-thiocyanate method (Chomczynski and Sacchi, 1987) and the PolyAtract mRNA isolation system (Promega). Double-stranded cDNA was prepared from 3 Ilg poly A +RNA by standard procedures and cloned into lambda GEM-4 vector (Promega) as recommended by the supplier. A total of 2 x 10 6 independent recombinant clones were obtained and screened at low stringency with a 180 bp RT-PCR fragment representing a chick NK-2 homeobox sequence. This PCR product was obtained from embryonic chick heart RNA with the following primers: 5'-CGACGGAAGCCA-CGCGTGCT; 3'-CCGCTGTCGCTTGCACTTGT. Hybridizing clones were purified, subcloned into pBS vector and sequenced.
In situ hybridization
Chick embryos were staged according to Hamburger and Hamilton (1951) and fixed with 4% paraformalde-hyde at 4°C overnight. Embedding was carried out with tissue freezing medium. 35S-radiolabelled cRNA probes were used for hybridization of 10 11m cryostat sections. cNKx-2.3 sense and antisense probes were synthesized with T3 or 17 polymerase from a linearized Smal subclone representing nucleotides 142-574 of the cDNA. A riboprobe from the cNKx-2.5 cDNA was synthesized using the 307 bp BamHI fragment downstream of the homeobox. Hybridization was carried out at 55°C for 16 h followed by stringent washes at 50°C (5 x SSC, 10 mM DTT) and 65°C (50% formamide, 2 x SSC, 10 mM DTT). Sections were dipped in photoemulsion and autoradiography was carried out for 6-7 days. No signals were observed in control hybridization of sense RNA probes (data not shown). Whole mount in situ hybridization of chick embryos or isolated hearts and intestines were performed as described previously (Bober et ai., 1994) . Probes for cNKx-2.3 and cNKx-2.5 were labelled with digoxigenin-11-UTP (Boehringer Mannheim) using the same subclones as described above.
Northern blots
Total RNA from chicken embryonic tissues and organs was isolated as described previously (Buchberger et ai., 1994) . RNA from adult chick was prepared from frozen tissues by the LiCl/urea method (Auffray and Rougeon, 1980) . Total RNA (30 Ilg) was separated on 1 % agarose gels, transferred to nylon membrane and hybridized in 50% formamide, 5 x Denhardt's, 0.1% SDS, 50 mM sodium phosphate, 5 x SSPE and 50 Ilglml denaturated salmon sperm DNA at 42°C. The cNKx-2.5 and cNKx-2.3 DNA probes were labeled by nick translation with [32P]a-dCTP. Blots were washed at high stringency (0.1 x SSC, 0.1 % SDS at 65°C). The same DNA fragments described for in situ hybridization were used as probes.
